o f t h i s new method was the concurrent development o f a real-time i n -f l i g h t net t h r u s t algorithm, based on the s i m p l i f i e d gross t h r u s t method. n e t t h r u s t algorithm allows f o r the d i r e c t calcul a t i o n o f t o t a l a i r c r a f t dray.
5 58 t u r b i n e exhaust e x i t 6 a f t e r b u r n e r i n l e t 7 exhaust nozzle i n l e t 8 exhaust nozzle t h r o a t 9 exhaust nozzle e x i t
I n t r o d u c t i o n A i r c r a f t performance f l i y h t t e s t data has t r ad i t i o n a l l y been c a l c u l a t e d and analyzed a f t e r t h e t e s t f l i g h t has ended. This p o s t f l i g h t a n a l y s i s o f t e n has revealed e r r o r s and o t h e r inadequacies i n t h e data t h a t were s e r i o u s enough t o r e q u i r e t h a t t h e f l i g h t t e s t be repeated.
The c a p a b i l i t y t o c a l c u l a t e and d i s p l a y performance data f o r ground m o n i t o r i n g w h i l e a f l i g h t was s t i l l i n progress would s i g n i f i c a n t l y improve f l i g h t prod u c t i v i t y by a l l o w i n g r a p i d and accurate r e a l -t i m e e v a l u a t i o n o f f l i g h t t e s t maneuver techniques and d a t a q u a l i t y . judged t o be unacceptable, t h e maneuver c o u l d be repeated immediately w h i l e f l i g h t t e s t c o n d i t i o n s were s u i t a b l e .
Because o f t h e l i m i t e d t e s t t i m e a v a i l a b l e d u r i n g t h e X-29A f l i g h t t e s t program t o d e f i n e t h e
I f t h e data from a maneuver were performance p o t e n t i a l o f t h e forward-swept wing and i t s r e l a t e d technologies, t h e need f o r a r e a lt i m e performance data a n a l y s i s c a p a b i l i t y was e s p e c i a l l y c r i t i c a l . This r e a l -t i m e c a p a b i li t y , coupled w i t h dynamic f l i g h t maneuver t e c hniques, would a l s o p r o v i d e a way t o assess maneuver dynamic e f f e c t s and i n s t r u m e n t a t i o n system malfunctions. Safety o f f l i g h t m o n i t o ri n g c a p a b i l i t y would a l s o be improved. e f f o r t s have proven t h e b e n e f i t s o f r e a l -t i m e a n a l y s i s techniques .1 T h i s paper describes a r e a l -t i m e aeroperformance a n a l y s i s c a p a b i l i t y developed a t t h e NASA Ames-Dryden F l i g h t Research F a c i l i t y t o c a l c u l a t e and d i s p l a y i n g r a p h i c a l form aerodynamic d a t a such as drag p o l a r s and l i f t curves along w i t h eng i n e performance parameters.
I n t e g r a l t o t h i s c a p a b i l i t y was t h e development o f a r e a l -t i m e i nf l i g h t net t h r u s t a l g o r i t h m based on t h e s i m p l if i e d gross t h r u s t method (SGTM) o f t h e Computing Devices Company (ComDev) o f Ottawa, Canada.2 T h i s new technique was developed, under a j o i n t agreement between t h e United States and Canada, u s i n g data obtained d u r i n g t h e t h r u s t c a l i b r a t i o n t e s t o f t h e X-29A's performance engine a t t h e NASA Lewis Research Center's P r o p u l s i o n System Laborat o r y (PSL).3 T y p i c a l f l i g h t r e s u l t s are presented along w i t h an assessment o f t h e i n -f l i g h t uncert a i n t y o f t h e r e a l -t i m e n e t t h r u s t method.
Previous
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A i r c r a f t D e s c r i p t i o n
The X-29A (Fig. 1 ) i s a s i n g l e -s e a t f i g h t e rt y p e a i r c r a f t i n c o r p o r a t i n g several new technology concepts t h a t i n t e g r a l l y work t o g e t h e r f o r a i rc r a f t performance Improvements. f e a t u r e i s t h e forward-swept wing w i t h a 29.3' l e a d i n g edge sweep and a 5 percent t h i n superc r i t i c a l a i r f o i l s e c t i o n , The upper and lower s u r f a c e wing s k i n s a r e made of a graphite-epoxy composite m a t e r i a l and a r e a e r o e l a s t i c a l l y t a il o r e d t o i n h i b i t wing s t r u c t u r a l divergence. The wing has no l e a d i n g edge devices, b u t i n c o r p o r a t e s f u l l -s p a n t r a i l i n g edge, dual-hinged f l a p e r o n s t h a t a r e d i v i d e d i n t o t h r e e segments on each wing. Wing camber i s a u t o m a t i c a l l y c o n t r o l l e d by t h e f l i g h t c o n t r o l system. three-surface p i t c h c o n t r o l c o n f i g u r a t i o n . I n a d d i t i o n t o t h e wing flaperons, t h i s c o n f i g u r a t i o n i n c l u d e d t h e canards and t h e aft-mounted s t r a k e f l a p s . Symmetric d e f l e c t i o n o f these f u l l y a c t i v e surfaces i s c o n t r o l l e d by t h e f l i g h t c o n t r o l system t o p r o v i d e t r i m and p i t c h s t a b i l i t y and cont r o l . The canards a r e 20 percent o f t h e wing area and a c t as a powerful l i f t and p i t c h generator. The s t r a k e f l a p s a s s i s t t h e canards i n trimming t h e f l a p e r o n s t o c o n t r o l aerodynamic l o a d i n g o f t h e canard. erons p r o v i d e s t h e s o l e source o f r o l l c o n t r o l . Yaw c o n t r o l i s p r o v i d e d by a s i n g l e -p i e c e rudder mounted on a f i x e d v e r t i c a l s t a b i l i z e r .
The a i r c r a f t ' s 35 percent negative s t a t i c margin r e q u i r e s a h i g h l e v e l o f s t a b i l i t y augment a t i o n which i s p r o v i d e d by a t r i -p l y redundant d i g i t a l f l y -b y -w i r e f l i g h t c o n t r o l system w i t h an analog backup. The f l i g h t c o n t r o l system c o n t r o l s wing camber by t h e automatic camber c o n t r o l mode, The most n o t a b l e Another f e a t u r e o f t h e a i r c r a f t i s i t s a c t i v e D i f f e r e n t i a l d e f l e c t i o n o f t h e f l a p -which s e t s t h e optimum schedule as a f u n c t i o n o f Mach number and angle o f a t t a c k , o r by t h e manual camber c o n t r o l mode, which i s s e t i n d i s c r e t e 5' i n t e r v a l s s e l e c t e d by t h e p i l o t .
I n t h e automatic camber c o n t r o l mode, t h e f l a p e r o n s vary t h e camber o f t h e wing t o increase aerodynamic e f f i c i e n c y over t h e f l i g h t envelope. c o n t r o l mode a l s o p o s i t i o n s t h e canards and s t r a k e f l a p s along with t h e wing f l a p s t o t r i m p i t c h i n g moments and t o g i v e t h e best aerodynamic performance i n steady-state f l i g h t . The manual camber c o n t r o l mode was designed o n l y as a f l i g h t t e s t mode. A more d e t a i l e d d e s c r i p t i o n o f t h i s system can be found i n Gera.4
The automatic camber
The a i r c r a f t i s powered by a s i n g l e 16,000-lb c l a s s General E l e c t r i c (Lynn, Massachusetts) F404-(;E-400 a f t e r b u r n i ng engine. mounted i n t h e fuselage w i t h two side-mounted, f i x e d geometry i n l e t s t h a t were optimized f o r t r a n s o n i c performance. Maximum a i r c r a f t t a k e o f f gross weight i s 17,800 l b w i t h a 4,000-lb f u e l c a p a c i t y i n two fuselage and two s t r a k e tanks.
The engine i s Data A c q u i s i t i o n System
The X-29A on-board data a c q u i s i t i o n system uses both p u l s e code modulation (PCM) and f r e -. quency modulation (FM) f o r data encoding. A schematic o f t h e i n s t r u m e n t a t i o n system can be seen i n Fig. 2 . Because o f space c o n s t r a i n t s , no data was recorded on t h e a i r c r a f t . The 1 0 -b i t PCM system sampled data from 25 t o 400 samples p e r set, depending on t h e d e s i r e d frequency range t o be covered. The d i g i t a l data were processed by f i v e PCM u n i t s , and an i n t e r l e a v e r device merged t h e data stream along w i t h t h e output from t h e f l i g h t c o n t r o l computer's bus. The data were telemetered as an u n c a l i b r a t e d s e r i a l PCM stream. The constant-bandwidth FM system was i n s t a l l e d t o process high-response a c c e l e r a t i o n and v i b r a t i o n data. This FM s i g n a l was merged w i t h t h e r e s t o f t h e d i g i t a l data from t h e i n t e r l e a v e r and telemet e r e d t o t h e ground along w i t h t h e p i l o t ' s voice s i g n a l s . A t o t a l o f 691 measured data parameters was telemetered t o t h e ground f o r recording, r e a l -t i m e a n a l y s i s , and c o n t r o l room monitoring. The d a t a parameter s e t i n c l u d e d measurements f o r s t r u c t u r a l loads, s t r u c t u r a l dynamics, f l i g h t cont r o l s , s t a b i l i t y and c o n t r o l , a i r c r a f t subsystems, p r o p u l s i o n and performance, wing d e f l e c t i o n s , b u ff e t , and e x t e r n a l pressure d i s t r i b u t i o n s .
A i r c r a f t i n s t r u m e n t a t i o n i n c l u d e d a p i t o ts t a t i c noseboom w i t h angle o f a t t a c k , a, and s i d e s l i p angle, B, vanes. The i n s t r u m e n t a t i o n package used f o r t h e f l i g h t performance measurements i n c l u d e d two body-mounted l i n e a r accelerome t e r packages, and a r a t e gyro package f o r a i rc r a f t p i t c h , r o l l , and yaw a t t i t u d e s , r a t e s , and a n g u l a r accelerations.
One l i n e a r accelerometer set, termed t h e dynamic performance c e n t e r -o fg r a v i t y (c.g.) package, had l i m i t e d measurement ranges speci f i c a l l y t a i 1 ored t o t h e pushoverp u l l u p maneuver described l a t e r i n t h i s paper. I t s l o n g i t u d i n a l and l a t e r a l accelerometer ranges were k0.6 g and t h e normal accelerometer range was -1 t o t3 g. The o t h e r accelerometer set, termed t h e c e n t e r -o f -g r a v i t y accelerometer package, had l a r g e r accelerometer ranges v a r y i n g from 21 g f o r t h e l o n g i t u d i n a l and l a t e r a l accelerometers and -3 t o +8 g f o r t h e normal accelerometer. T h i s covered t h e h i g h e r a range data. were d i s p l a c e d from t h e a c t u a l a i r c r a f t c e n t e r o f g r a v i t y . complete i n s t r u m e n t a t i o n system f o r m o n i t o r i n g engine o p e r a t i n g c h a r a c t e r i s t i c s , engine t r i m l e v e l s , and f o r c a l c u l a t i n g i n -f l i g h t t h r u s t .
Measurement l o c a t i o n s a r e shown i n Fig. 3 and i n c l u d e d i n l e t t o t a l temperature, T T~, f a n and compressor r o t o r speeds, N1 and N2, combustor s t at i c pressure, Ps3, t u r b i n e exhaust temperature, T T~, nozzle t h r o a t area, AB, and a 20-probe rake measurement o f t u r b i n e exhaust pressure, P T~~~.
Volumetric f l o w meters were used t o measure main engine f u e l flow, W F~, and a f t e r b u r n e r p i l o t and main f u e l flows, WFAB.
Both packages
The General E l e c t r i c F404-GE-400 engine has a I n o r d e r t o implement t h e r e a l -t i m e i n -f l i g h t t h r u s t method discussed i n t h i s paper, f o u r f l u s hmounted s t a t i c pressure t a p s were l o c a t e d a t b o t h t h e a f t e r b u r n e r entrance, Ps6, and exhaust nozzle entrance, Ps7. T h i s technique a l s o made use o f t h e engine PT558 rake, T T~, f r e e stream s t a t i c a i r pressure, Pso, and t r u e airspeed, V t . Fig. 4 . Data from t h e a i r c r a f t i s t r a n s m i t t e d i n a s e r i a l PCM stream and r e c e i v e d by t h e t e l e m e t r y t r a c k i n g f a c i l i t y on t h e ground. The data stream i s t h e n passed along l a n d l i n e s t o a m i s s i o n c o n t r o l cent e r f o r data storage, processing, and d i s p l a y . These f a c i l i t i e s make up p a r t o f t h e NASA Dryden Western Aeronautical Test Range.5
Real-Time Data Processing and D i s p l a y The X-29A r e a l -t i m e performance data system i s designed t o r e c o r d d a t a from t h e a i r c r a f t data a q u i s i t i o n system, t h e n process and d i s p l a y t h e i n f o r m a t i o n i n t h e m i s s i o n c o n t r o l room. An i l l u s t r a t i o n o f t h i s system i s shown i n
For s e c u r i t y reasons, X-29A f l i g h t data i s telemetered i n an encrypted format. The s e r i a l data i s decrypted, synchronized, and demultiplexed i n t h e m i s s i o n c o n t r o l center. An analog tape r e c o r d e r i s used t o s t o r e t h i s raw a i r c r a f t d a t a f o r p o s t f l i g h t processing. The raw d a t a i s a l s o passed t o a Gould 32/67 computer system (Gould Inc., F o r t Lauderdale, F l o r i d a ) w i t h dual proce s s i n g c a p a b i l i t y f o r r e a l -t i m e computing and a p p l i c a t i o n o f engi n e e r i n g -u n i t c a l i b r a t i o n s . Processed d a t a from t h e r e a l -t i m e computer i s formatted f o r d i s p l a y on v a r i o u s devices i n t h e m i s s i o n c o n t r o l room. D i s p l a y devices i n c l u d e CRT, analog s t r i p c h a r t s and gages, and a r e a lt i m e i n t e r a c t i v e graphics ( R I G ) system. 
e c.g., t r a n s l a t e d wind a x i s a c c e l e r a t i o n s , and a i r c r a f t f l i g h t c o n d i t i o n s , a t t i t u d e s , and rates. Displays were a l s o developed t o m o n i t o r engine parameters and performance, i n c l u d i n g t i m e h i st o r i e s o f gross and n e t t h r u s t , and t h e pressure rake averages. The ComDev t h r u s t d i s p l a y s i ncluded d i g i t a l parameters such as b a s i c engine parameters c r i t i c a l t o f l i g h t s a f e t y , along w i t h engine performance parameters.
Logic was a l s o developed t o monitor c o n t i n u a l l y t h e s t a t u s o f t h e ComDev t h r u s t c a l c u l a t i o n methods and t o d i s p l a y a coded message when an e r r o r occurred, d e s c r i b i n g t h e n a t u r e o f t h e e r r o r .
The R I G system s t o r e s a number o f p r e d e f i n e d d i s p l a y formats t h a t can be s e l e c t e d by t h e opera t o r as required. Graphic parameters a r e updated a t up t o 10 samples per sec and t h e column o f d ig i t a l data d i s p l a y e d next t o t h e graphics i s updated a t one sample p e r sec. The a c t u a l c a l c u l at i o n r a t e o f t h e performance parameters i s up t o 12.5 samples p e r sec. The R I G o p e r a t o r n o t o n l y c o n t r o l s which graphic page ( f o r m a t ) t o d i s p l a y , b u t a l s o can s t a r t , stop, c l e a r , and p r i n t t h e d i s p l a y a t any time. Future plans i n c l u d e upg r a d i n g t h e R I G system w i t h a new system capable o f c r e a t i n g and changing g r a p h i c formats, c o l o r s , and parameters i n r e a l time.
Development o f a Real-Time Net Thrust A l g o r i t h m
Over t h e past 15 years, ComDev has developed and patented a unique c a p a b i l i t y t o compute accur a t e l y engine gross t h r u s t i n r e a l t i m e over t h e e n t i r e a i r c r a f t o p e r a t i n g f l i g h t envelope. This s i m p l i f i e d gross t h r u s t method (SGTM) has been evaluated s u c c e s s f u l l y f o r a v a r i e t y o f v a r i a b l e exhaust t u r b o j e t and t u r b o f a n f i g h t e r engines. NASA has evaluated t h e SGTM on t h e F1002 and 585 engines6 and f l o w n i t i n an F-15 a i r~r a f t .~ methods, such as t h e manufacturer's i n -f l i g h t t h r u s t program, i n t h a t i t r e q u i r e s much l e s s i n s t r u m e n t a t i o n and computational power w h i l e remaining r e l i a b l e and accurate.
It r e q u i r e s o n l y free-stream s t a t i c a i r pressure, Pso, and simple gas pressure measurements a t t h r e e locat i o n s i n t h e engine a f t e r b u r n e r duct (Fig. 4) . Because a l l engine pressures a r e measured downstream o f t h e r o t a t i n g machinery, gross t h r u s t accuracy i s n o t a f f e c t e d by engine degradation o r i n t a k e d i s t o r t i o n .
The SGTM has advantages over t h e t r a d i t i o n a l
The SGTM computes gross t h r u s t based on a onedimensional a n a l y s i s o f t h e f l o w i n t h e engine a f t e r b u r n e r and exhaust nozzle. F i g u r e 6 shows a b l o c k diagram o f t h e algorithm. The a l g o r i t h m analyzes t h e f l o w i n t h e a f t e r b u r n e r duct from t h e t u r b i n e e x i t ( s t a t i o n 558) t o t h e exhaust nozzle e x i t ( s t a t i o n 9) and determines f i r s t t h e t o t a l pressure a t t h e a f t e r b u r n e r entrance, PT6, and t h e n a t t h e exhaust nozzle entrance, P T~. The exhaust nozzle t h r o a t area, A8, i S a l s o computed. Gross t h r u s t i s then computed from t h e c a l c u l a t e d
The SGTM a l s o computes exhaust nozzle C a l i b r a t i o n c o e f f i c i e n t s f o r t h e F404 engine were determined u s i n g data obtained d u r i n g t e s t i n g a t t h e Lewis PSL f a c i l i t y . Pressure and t h r u s t data were c o l l e c t e d from 131 data p o i n t s a t 11 combinations o f Mach number and a l t i t The ComDev SGTM c a l c u l a t e s FG, P T~, and Ag.
The SNTM c a l c u l a t e s W 1 and o b t a i n s V t from t h e a i r c r a f t a i r data system t o determine ram drag and thus n e t t h r u s t .
I n l e t mass f l o w i s determined by c a l c u l a ti n g mass f l o w r a t e a t t h e a f t e r b u r n e r entrance ( s t a t i o n 6), u s i n g f l o w parameters determined i n t h e SGTM gross t h r u s t a l g o r i t h m and t h e t u r b i n e discharge t o t a l temperature measured by e x i s t i n g engine i n s t r u m e n t a t i o n . T h i s mass f l o w r a t e , w6, i s used t o compute t h e i n l e t mass f l o w r a t e a f t e r accounting f o r compressor b l e e d a i r e x t r a c t i o n , wB3, and f u e l mass a d d i t i o n , WF, u s i n g an e m p i r ic a l model c a l i b r a t e d w i t h t e s t d a t a from t h e Lewis PSL f a c i l i t y .
The i n l e t mass f l o w i s t h u s computed by w 1 = w6 -W F + wB3
The SNTM c a l c u l a t e s engine s t a t i o n 6 l o c a l Mach number, M6, and mass f l o w rate, Wg, u s i n g measured T T~ and Ps6, and c a l c u l a t e d PT6.
T o t a l temperature a t s t a t i o n 6, T T~, i s assumed t o equal
I T T~. A s i m p l i f i e d main engine f u e l flow, WF, i n conlparison t o c a l c u l a t e d i n l e t a i r f l o w r e l a t i o nship, was d e r i v e d e m p i r i c a l l y from Lewis PSL f a c i l i t y data.
A constant b l e e d a i r e x t r a c t i o n , wB3, was assumed based on a i r c r a f t system c o o l i n g a i r requirements. Over t h e a i r c r a f t o p e r a t i n g envelope, t h e f l o w s WF and wB3 a r e much s m a l l e r t h a n w6 ( t y p i c a l l y l e s s t h a n 2 percent o f Wg). Therefore, e r r o r s i n t h e i r d e t e r m i n a t i o n have o n l y secondary e f f e c t s on W 1 accuracy. racy o f t h e p r o d u c t i o n engine mounted T T~ measu r i n g system i s adequate because t h e s e n s i t i v i t y o f computed n e t t h r u s t t o T'r5 e r r o r s i s small. A 10°F e r r o r i n T T~, f o r example, produces an e r r o r o f o n l y 0.03 p e r c e n t i n n e t t h r u s t a t i n t e r m e d i a t e r a t e d power (IRP) a t Mach 0.9, 30,000 ft.
The SNTM was c a l i b r a t e d a g a i n s t Lewis PSL data o v e r t h e X-29A Mach, a l t i t u d e , and power s e t t i n g envelope. C a l i b r a t i o n c o e f f i c i e n t s were a p p l i e d t o c o r r e c t f o r t h e e f f e c t s o f t h e s i m p l i f y i n g assumptions i n t h e n e t t h r u s t c a l c u l a t i o n .
Because t h e mass f l o w i s c a l c u l a t e d i n t h e engine a f t e r b u r n e r s e c t i o n , where t h e gas f l o w i s w e l l mixed, i n l e t f l o w d i s t o r t i o n e f f e c t s a r e minimized.
The accuData Analysis Method Using t h e accelerometer data i n p u t s , t h e drag p o l a r a n a l y s i s technique i n c l u d e d body-axis accelerometer angular r a t e and a c c e l e r a t i o n c o r r e c t i o n s t o t h e a i r c r a f t c.g.
Accelerometer d a t a were transformed t o t h e a i r c r a f t wind a x i s o r f l i g h t p a t h system by angular t r a n s f o r m a t i o n s through a and 8. Thrust i n s t a l l a t i o n c o r r e c t i o n s i ncluded estimated nozzle drag, DNOZ, and s p i l l a g e drag, DSPIL- 
A i r c r a f t c o e f f i c i e n t s o f l i f t (CL) and drag (CD) were computed from t h e accelerometer method8 u s i n g t h e equations
cD=-= D
A i r c r a f t Ps was computed from t h e accelerometer d a t a as f o l l o w s :
The i n p u t data t o t h e r e a l -t i m e performance program were n o t f i l t e r e d (except f o r an on-board, a n t i -a l i a s i n g f i 1 t e r f o r a c c e l e r a t i o n parameters), n o r were t r Real-time s o f t w a r e was developed t o implement t h e a i r c r a f t and engine performance a n a l y s i s techniques. F i g u r e 8 sumnarizes t h e performance c a lc u l a t i o n s i n a f l o w diagram. The X-29A a i r -d a t a software was used t o o b t a i n a and 8 and Mach number, M. I n d i c a t e d angle o f a t t a c k , a i , was c o rr e c t e d f o r upwash e r r o r s , misalignment e r r o r s , p i t c h r a t e e f f e c t s , boom bending, and fuselage bending e f f e c t s . nose boom p i t o t s t a t i c measurements.
i m drag c o r r e c t i o n s a p p l i e d t o t h e drag r e s u l t s . The r e a l -t i m e d i s p l a y values were n e it h e r smoothed n o r t h i n n e d (below t h e 10 samples p e r s e t update r a t e o f t h e R I G system), and w i l d p o i n t s were n e i t h e r e d i t e d n o r removed. allowed t h e f a s t e s t c a l c u l a t i o n r a t e p o s s i b l e i n r e a l t i m e and t h e a b i l i t y t o e v a l u a t e data q u a l i t y w i t h o u t t h e e x t r a d a t a massaging. The t i m e l a g between t h e a c t u a l f l i g h t event and t h e d i s p l a y o f c a l c u l a t e d performance data on t h e R I G i s e s t i -
A pressure averagi ny r o u t i n e was developed t o process engine pressure rake data. pressure o f each rake i s c a l c u l a t e d u s i n g a l l t h e a v a i l a b l e probes. A comparison i s t h e n made between each i n d i v i d u a l probe and t h e average pressure. t o l e r a n c e o f t h e average a r e assumed bad and e l iminated. A new average rake pressure i s then calculated.
I
f a l l t h e probe values o f one rake a r e o u t s i d e t h e s p e c i f i e d tolerance, t h e h i g h e s t and lowest probe values a r e e l i m i n a t e d , t h e rake average i s c a l c u l a t e d again, and t h e t o l e r a n c e check i s repeated. T h i s technique y i e l d s highq u a l i t y pressure data, even i n t h e event o f dam-
aged pressure 1 i nes , f a u l t y transducers, o r d a t a t r a n s m i s s i o n problems. This r o u t i n e a l s o exped i t e d t h e implementation, checkout and t r o u b l es h o o t i n g o f t h e engine pressure rake instrument a t i o n system.
This Mach number was computed from
The average
Those probes o u t s i d e o f a s p e c i f i e d Maneuver Techniques
Dynamic f l i g h t t e s t techniques were used t o d e f i n e q u i c k l y and a c c u r a t e l y t h e a i r c r a f t drag p o l a r and l i f t curve c h a r a c t e r i s t i c s a t a given Mach number over a wide range o f a. These maneuv e r techniques r e l y on accelerometer methods u s i n g body-mounted accelerometer packages t o measure a i r c r a f t a c c e l e r a t i o n s along and normal t o t h e f 1 i g h t p a t h .
t h e windup t u r n , were used on t h e X-29A t o d e f i n e complete drag p o l a r curves. preceded by 30-sec s t a b i l i z e d t r i m p o i n t s . pushover-pullup was used t o o b t a i n t h e mid-t o lowrange o f a. The maneuver t e s t technique c o n s i s t e d o f a pushover from t h e 1-g normal l o a d f a c t o r , nz, a t t h e s t a b i l i z e d f l i g h t c o n d i t f o n t o zero g ' s a t a nominal g-onset r a t e o f -0.2 g ' s p e r sec. A t t h e zero-g p o i n t , t h e a i r c r a f t was p u l l e d up a t a 0.2 g ' s p e r sec onset r a t e t o 2 g ' s and t h e n r e t u r n e d t o t h e 1-g l e v e l f l i g h t c o n d i t i o n . A l t i t u d e and Mach number excursions were kept t o a minimum w h i l e power l e v e r angle (PLA) was h e l d constant. The wind-up t u r n maneuver was used t o o b t a i n data from t h e mid-t o high-range o f a. Using t h e same gonset r a t e as f o r t h e pushover-pullup maneuver, Two dynamic maneuvers, t h e pushover-pullup and
Both maneuvers were The t h e windup t u r n was flown a t a f i x e d power s e tt i n g w i t h t h e a i r c r a f t descending, t r a d i n g a l t itude f o r airspeed i n order t o h o l d a constant Mach number as t h e normal l o a d f a c t o r and a were i ncreased t o t h e aim c o n d i t i o n s .
For a given Mach number, t h e maneuvers produced f l i g h t data t h a t overlapped i n c o e f f i c i e n t o f l i f t between 1 and 2 g's, g i v i n g a f u l l p o l a r shape over a and assuri n g good data c o r r e l a t i o n between t h e maneuvers. F i g u r e 9 gives a schematic drag p o l a r represent a t i o n o f t h e maneuvers' sweep o f t h e a v a r i a t i o n o f a p o l a r a t a constant Mach number. discussions o f t h e X-29A f l i g h t t e s t techniques can be found i n Hicks and others.9 F u r t h e r R e s u l t s and Discussion
Net Thrust Uncertai n t x accuracy o f t h e r e a l -time performance values as a f f e c t e d by t h e n e t t h r u s t c a l c u l a t i o n . The n e t t h r u s t values c a l c u l a t e d by t h e SNTM method were compared t o measured values obtained i n t h e Lewis PSL f a c i l i t y . The percent e r r o r i n SNTM, expressed as a percentage o f measured n e t t h r u s t , i s p l o t t e d a g a i n s t PLA i n Fig. 10 . The b i a s e rr o r , over t h e 131 t e s t p o i n t s a t 11 simulated f l i g h t c o n d i t i o n s , was z e r o percent and t h e 95 percent s t a t i s t i c a l confidence l i m i t (two standard d e v i a t i o n s , 213) was t2.74 percent. spread i n c l u d e s c o n t r i b u t i o n s from a l l t h e i n p u t measurement e r r o r s and t h e SNTM n e t t h r u s t model e r r o r determined from Lewis PSL data.
An a n a l y s i s was conducted t o determine t h e This
A s e n s i t i v i t y a n a l y s i s was conducted t o d e t e rmine t h e expected i n -f l i g h t u n c e r t a i n t y o f t h e SNTM. Net t h r u s t u n c e r t a i n t y was c a l c u l a t e d by combining t h e model e r r o r and t h e i n d i v i d u a l e r r o r s due t o t h e e r r o r i n each i n p u t measurement (see Fig. 6 ) by t h e method of root-sum-squares. Table 1 shows t h e i n -f l i g h t t o t a l u n c e r t a i n t i e s o f SNTM n e t t h r u s t f o r s i x Mach number and a l t i t u d e c o n d i t i o n s a t t h r e e power s e t t i n g s . The uncert a i n t y a t IRP (PLA = 87') ranges from k2.41 perc e n t a t Mach 0.8, 10,000 f t t o k4.39 percent a t Mach 0.8, 40,000 ft. A t Mach 0.9, 30,000 f t design p o i n t , t h e t o t a l u n c e r t a i n t y o f t h e SNTM a t I R P i s t3.15 percent, and, a t maximum a f t e rburning, i t i s 22.75 percent. t h r u s t values have been c a l c u l a t e d i n r e a l t i m e on t h e X-29A a i r c r a f t . The s e n s i t i v i t y o f c a l c u l a t e d l i f t and drag due t o independent parameters such as t h r u s t and a was evaluated f o r t h e X-29A i n Powers.10
Based on these r e s u l t s , t h e u n c e r t a i n t y i n t h e r e a l -t i m e CD value due t o t h e u n c e r t a i n t y i n n e t t h r u s t i s estimated t o be about t3.0 percent. The e f f e c t s o f a u n c e r t a i n t y on CL and CD can a l s o be s u b s t a n t i a l .
F l i g h t Results
These r e s u l t s v e r i f y t h a t h i g h l y accurate n e t The use o f r e a l -t i m e performance c a l c u l at i o n s allowed an immediate assessment o f data q u a l i t y and maneuver technique. F i g u r e 11 shows t y p i c a l drag p o l a r s obtained d u r i n g v a r i o u s performance maneuvers. v e r (Fig. I l a ) sweeps o u t t h e lower a p o r t i o n o f t h e drag p o l a r w h i l e t h e windup t u r n maneuver, The pushover-pul l u p maneu- (Fig. l l b ) 
h e data q u a l i t y obtained i n r e a l t i m e d u r i n g X-29A performance t e s t i n g . A maneuver t h a t misses t h e aim f l i g h t c o n d i t i o n s can be t e r m i n a t e d and repeated immediately, g r e a t l y i n c r e a s i n g p r od u c t i v i t y and reducing t h e p o s t f l i g h t d a t a proce s s i n g requirements. pushover-pullup maneuver which i s e v i d e n t by t h e increased data s c a t t e r compared t o Fig. l l a . T h i s data s c a t t e r r e s u l t e d , i n p a r t , due t o improper aerodynamic s u r f a c e p o s i t i o n s caused by maneuver dynamics.11 T h i s s c a t t e r can occur when t h e f l i g h t c o n t r o l i n p u t s a r e t o o abrupt f o r t h e f l a perons, s t r a k e f l a p s , o r canard t o f o l l o w optimum schedules. Other f a c t o r s t h a t may a f f e c t t h e performance maneuver q u a l i t y i n c l u d e b u f f e t , o f f Mach o r a l t i t u d e c o n d i t i o n s , and p i l o t technique.12 i t y and t h e f u n c t i o n o f t h e i n s t r u m e n t a t i o n system i n r e a l t i m e proved a very e f f e c t i v e d i a g n o s t i c c a p a b i l i t y . During t h e i n i t i a l checkout o f t h e t h r u s t i n s t r u m e n t a t i o n system, t h e engine pressure averaging l o g i c helped t o d e t e c t and i s o l a t e pressure leaks and transducer f a i l u r e s . The ComDev r e a l -t i m e t h r u s t a l g o r i t h m s a l s o helped i n t h e f l i g h t s a f e t y m o n i t o r i n g o f t h e X-29A's engine performance d u r i n g t a k e o f f checks and f l i g h t .
To e v a l u a t e t h e i n -f l i g h t c a l c u l a t i o n o f t h r u s t u s i n g t h e SNTM, comparisons were made t o t h e t h r u s t values c a l c u l a t e d by t h e engine manuf a c t u r e r ' s i n -f l i g h t t h r u s t program. T h i s p o s tf l i g h t program computes n e t t h r u s t by two methods:
t h e area-pressure method, FNAP, and t h e mass f l o w i b r a t e d u s i n g Lewis PSL data.
The t h r e e n e t t h r u s t methods were compared d u r i n g p o s t f l i g h t p r o c e s s i n g o f over 150 performance maneuvers i n c l u d i n g windup t u r n s , pushoverp u l l u p s , l e v e l a c c e l e r a t i o n s and d e c e l e r a t i o n s , s t a b i l i z e d l e v e l f l i g h t , and t a k e o f f . F i g u r e 12 shows some t y p i c a l r e s u l t s . The t h r e e n e t t h r u s t methods agreed w i t h i n t h e i r expected i n -f l i g h t unc e r t a i n t i e s . For example, Fig. 12a shows f l i g h t d a t a from a sustained high-g t u r n a t maximum power a t Mach 0.9 and 30,000 ft. Net t h r u s t computed by t h e SNTM and i n -f l i g h t t h r u s t program f a l l w i t h i n a band o f t2.7 percent throughout t h e maneuver. The t h r u s t i n c r e a s e shown i n t h i s f i g u r e i s due t o decreasing a l t i t u d e and i n c r e a s i n g Mach d u r i n g t h e maneuver. F l i g h t c o n d i t i o n s shown i n t h i s f i g u r e a r e t a r g e t c o n d i t i o n s . F i g u r e 12b a l s o shows a comparison o f t h e t h r e e t h r u s t methods s h o r t l y f o l l o w i n g an I R P t a k e o f f . The n e t t h r u s t values show l i t t l e change d u r i n g t h e maneuver because t h e a i r c r a f t i s b o t h c l i m b i n g and a c c e l e r a ting, causing a c a n c e l l a t i o n e f f e c t . comparisons show t h e SNTM t y p i c a l l y f a l l s between t h e FNAP and F N~T values as shown i n Fig. 12b .
These r e s u l t s g i v e confidence t o t h e p r e d i c t e d
accuracies o f t h e SNTM presented i n t h i s paper.
was evaluated by p o s t f l i g h t methods. Time h i s - Figure 13 shows t h e t y p i c a l l y dynamic response o f t h e SGTM computed t h r u s t t o changes i n engine operating conditions. I n t h i s example, a t Mach 0.7 and 23,000 ft, t h e power s e t t i n g was chopped from 130' PLA (maximum afterburning) t o 50' PLA (near f l i g h t i d l e ) i n about 1 sec. Gross t h r u s t i s seen t o f o l l o w c l o s e l y t h e change i n engine pressures.
Concluding Remarks
The p r a c t i c a l i t y and advantages o f a real-time performance analysis technique were demonstrated d u r i n g f l i g h t t e s t i n g o f t h e X-29A. nique has enhanced t h e f l i g h t p r o d u c t i v i t y and e f f i c i e n c y o f t h e f l i g h t research program. It a l s o helped t o assess data q u a l i t y , instrument a t i o n f u n c t i o n a l i t y , and maneuver technique. A key element i n t h e success o f t h e real-time performance technique was t h e development o f the Computing Devices Company's s i m p l i f i e d net . t h r u s t method. This net t h r u s t algorithm allows f o r the r a p i d c a l c u l a t i o n o f a i r c r a f t t h r u s t and drag and enhanced t h e safety o f f l i g h t monitoring o f t h e propulsion system. Because accurate net t h r u s t values were calculated by the SNTM, t h e uncertaint i e s i n real-time Cg r e s u l t s due t o t h e uncert a i n t y i n net t h r u s t were estimated t o be about 23 percent. j o r advancement i n f l i g h t t e s t p r o d u c t i v i t y and e f f i c i e n c y by increasing a i r c r a f t diagnostic capab i l i t i e s r e l a t e d t o a i r c r a f t performance f l i g h t t e s t i n g , r e s u l t i n g i n decreased downtime and postf l i g h t data requirements. agreement w i t h uncertainty p r e d i c t i o n s and compare favorably t o p o s t f l i g h t techniques. 
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